INTRODUCTION
To improve farming profitability, producers have increased the stocking density. However, because of concerns about animal welfare, maximum allowances for stocking density are now enforced in numerous countries. In Europe, the maximum allowed stocking density is 33 kg/m 2 (European Commission, 2007) . However, a higher stocking density (up to 42 kg/m 2 ) may be authorized if the producer addresses additional criteria, such as NH 3 and CO 2 concentrations within the shed, temperature, humidity, and mortality rate. In addition to stocking density, the use of feed additives, such as antibiotic growth promoters, has raised concerns with consumers. Because of consumer and environmental concerns relating to antibiotic resistance, antibiotic growth promoters were either reduced or phased out. Therefore, as of 2006, European poultry producers no longer use antibiotic growth promoters. As a result, the digestive microbiota of the birds is not controlled and is sensitive to environmental factors (Burkholder et al., 2008; Gong et al., 2008 ) that may affect bird growth and digestive health (Gabriel et al., 2006) .
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tigated over the last 10 yr (reviewed by Bessei, 2006; Estevez, 2007) . In these studies, stocking density had negative effects on broiler performance and broiler welfare. However, the consequences of stocking density on digestive microbiota are not fully understood. Previous studies have demonstrated that an increase in stocking density can increase the prevalence or abundance of digestive pathogens (Shane, 2000; Dahiya et al., 2006) . However, to our knowledge, studies investigating the effect of stocking density on chicken commensal microbiota are limited, have focused only on specific bacterial groups, and have been concerned only with the small intestine of chickens (Jorge et al., 1988; Putskam et al., 2005; Harrow et al., 2007) . Therefore, in the present study, the effects of stocking density on broiler chicken growth performance and commensal digestive microbiota were investigated. Because important populations of noncultivable bacteria are present in the digestive contents of poultry (Gabriel et al., 2006; Wise et Siragusa, 2007; Gong et al., 2008) , 2 molecular methods independent of culture were used to examine the microbiota in the crop, small intestine, and ceca.
MATERIALS AND METHODS

Birds, Housing, and Diet
A total of 672 male White Ross PM3 broilers, vaccinated against infectious bronchitis, were obtained from a commercial hatchery (Boye, St Hilaire de Loulay, France) and raised on wood shavings (6 kg/m 2 ) in a temperature-and ventilation-controlled Louisiana-type barn containing pens. Pens had 2.75 m 2 of useful area and were separated by wood panels (40 cm high), designed to avoid interfloor pen litter projections, and extended by wire up to 1.2 m. The programmed ambient temperature was 32°C from d 1 to 3, 30°C from d 4 to 6, 28°C from d 7 to 13, 27°C from d 14 to 20, 24°C from d 21 to 27, 22°C from d 28 to 39, and 20°C from d 40 until the end of experiment. Birds were exposed to the following lighting schedule: d 1 to 5, 23 h; d 6 to 11, 20 h; and d 12 to 42, 18 h. The lighting intensity ranged between 30 and 50 lx from d 1 to 3 and then gradually decreased such that by the end of the experiment, it reached 5 to 10 lx. Chickens were feed ad libitum with a 4-phase diet mainly composed of wheat, soybean meal, and corn (Zea mays; Table 1 ). The measured CP levels for the starter, grower, finisher, and withdrawal diets were 22.7, 21.6, 20.7, and 19 .8%, respectively. During the starter, grower, and finisher periods, a coccidiostat (diclazuril; Clinacox, Jansen Pharmaceutica, Beerse, Belgium) with limited effects on intestinal microbiota (US FDA, 1996) was added (200 mg/kg), and no antibiotic growth promoters or enzymes were included. The diets were presented as 2.5-mm pellets. Chickens had free access to water on a 4-cup bell drinker system. The experiment was performed in an experimental poultry facility at the experimental unit (INRA, Le Magneraud, France) toward the end of winter 2008, and was conducted according to specific French guidelines related to experimental animals (European Commission, 2010) .
Experimental Design
One-day-old chickens of similar mean BW (44.5 ± 0.01 g) were randomly distributed between 16 pens (2.75 m 2 of useful area). Six replicate pens per treatment were used for growth performance measurements, and 2 replicate pens per treatment were used for microbiota analyses. Birds were placed at 2 stocking densities (low and high) according to European Council Directive 2007 /43/EC (European Commission, 2007 . The low stocking density consisted of 12 birds/m 2 , equivalent to 33 birds/pen (i.e., 31 kg/m 2 predicted at d 39; Aviagen, 2009) , whereas the high stocking density consisted of 17 birds/m 2 , equivalent to 47 birds/pen (i.e., 43 kg/ m 2 predicted at d 39; Aviagen, 2009) . To balance early mortality, 2 additional birds were added to each floor pen. At d 10, the lightest and heaviest chickens were removed to reach 33 or 47 birds/pen for the low and high stocking density, respectively. The feeding space allowance was 3.8 cm/bird in the low stocking density and 2.7 cm/bird in the high stocking density. The watering density was 8 and 12 birds/cup in the low and high stocking density, respectively. Broilers were wing banded at d 5.
Growth Performance and Litter Quality Measurement
The mortality was recorded daily. At d 1, birds from the same pen were weighed together, and thereafter were weighed individually at d 10, 24, 32, and 39 with no fasting period. Feed intake was recorded by pen, and daily BW gain was calculated for each period. For this, females and dead birds were removed from the calculation, but they were included in the feed conversion ratio (FCR) calculation. Litter quality was assessed in each pen at d 25, 31, and 37, and was scored visually on a scale of 1 to 5 (1 = friable, no capping or compaction whatsoever; 2 = light capping, under a friable crumb surface; 3 = surface capped and compacted; 4 = surface wet and sticky; and 5 = litter depth wet and doughlike). The litter score percentage (to the nearest 5% for each score category) was determined by 2 independent raters and thereafter was calculated as follows: [(1 × %) + (2 × %) + (3 × %) + (4 × %) + (5 × %)]/100.
Sampling for Microbiota Analysis
For microbiota analysis, 20 birds from each density level at 3 (d 22 to 23) and 6 (d 42 to 43) wk of age were selected. Selection based on the BW of the birds and birds with the BW closest to the average from each floor pen were selected on d 21 and 42, identified by color marking, and kept in their pens until slaughter. Birds (n = 5) were subsequently killed on d 22, 23, 42, and 43. To homogenize the filling level of the chickens' digestive tract, before sampling, birds were exposed to a 3-h feeding period followed by a fasting period. Because of experimental constraints, the fasting period ranged from a minimum of 3 h to a maximum of 9 h, and birds with different fasting periods were randomly distributed within the 2 experimental groups. Selected birds were euthanized by CO 2 asphyxiation. The crop, distal half of the ileum, and ceca were immediately collected and kept on ice. The crop was opened longitudinally and the digestive contents were collected with a sterile spoon. Digestive contents of the ileum and ceca were collected by gentle pressure along the organ. Samples from 5 birds were pooled and stored at −80°C until further processing. After sampling at 3 wk, the floor pen area was decreased to maintain a constant stocking density.
Temporal Temperature Gradient Gel Electrophoresis Analysis
Deoxyribonucleic acid was extracted from 200 mg of the pooled samples with a QIAamp DNA Stool Mini Kit (Qiagen Inc., Courtaboeuf, France) according to the manufacturer's recommendations, with some modifications. An additional lysis step with lysozyme was performed to improve the DNA extraction of the gram-positive bacteria present within the samples (Johansen et al., 2007) . Extracted DNA was stabilized by adding 2 μL of ribonuclease-A and 40 μL of 40 mg/mL BSA (Gabriel et al., 2008) and was stored at −20°C until further processing. The fingerprint technique [temporal temperature gradient gel electrophoresis (TTGE)] described by Seksik et al. (2003) was used in this study, with minor modifications. The primers used for the TTGE analysis were those described by Zoetendal et al. (1998) , and they amplify the variable V6 to V8 region of the 16S ribosomal RNA gene of Eubacteria (Eurofins Genomics France, Courtaboeuf, France). The forward primer, U9968-GC-F, contained a GC clamp (5′-CGCCCGGGGCGCGCCCCGGGC-GGGGCGGGGGCACGGGGGG-3′) and had the following sequence (5′-ACGCGAAGAACCTTAC-3′). The reverse primer, L1401R, had the following sequence (5′-CGGTGTGTACAAGACCC-3′). Deoxyribonucleic acid template (1 μL) was added to 49 μL of PCR mixture [19 μL of nuclease-free water, 1 μL of forward primer (20 μmol/L), 1 μL of reverse primer (20 μmol/L), 3 μL of MgCl 2 (25 mM), and 25 μL of master mix (HotStarTaq Master Mix Kit, Qiagen, Courtaboeuf, France)]. The amplification reaction was conducted using Amplitron II (Barnstead Thermolyne Corporation, Dubuque, IA) as described by Seksik et al. (2003) . Polymerase chain reaction products (433 bp) were visualized and analyzed by electrophoresis on 1% agarose gels containing ethidium bromide. They were separated by TTGE using a DCode Universal Mutation Detection System (Bio-Rad, Marnes-lacoquette, France), as described by Seksik et al. (2003) . A TTGE ladder consisting of a PCR amplicon mix [8 cloned ribosomal DNA (rDNA) from different bacterial species], obtained from J. Dore and J. P. Furet (Micalis, INRA, Jouy en Josas, France), was used to normalize the profiles. Gels were stained using SYBR Green (Sigma-Aldrich Corp., Saint Quentin Fallavier, France), visualized, and photographed using the Gel Doc XR system (Bio-Rad).
Real-Time PCR Analysis
Deoxyribonucleic acid for real-time PCR was extracted from 200 mg of the pooled samples according to the method of Furet et al. (2009) . This extraction method is a combination of the protocol from a G'NOME kit (BIO 101, La Jolla, CA) and the method described by Suau et al. (1999) . All bacteria, together with the 5 major groups (Escherichia coli, Lactobacillus, Bacteroides, Clostridium leptum, and Clostridium coccoides groups) were quantified by targeting the 16S rDNA. The primer and probe sequences used in this study are listed in Table 2 . Reactions were run in triplicate in 384-well plates in a final volume of 10 μL. An EpMotion 5070 liquid handling robot (Eppendorf, Le Pecq, France) was used to distribute the master mix and DNA to the 384-well plates. The all-bacteria reaction consisted of 5 μL of TaqMan Universal PCR 2× Master Mix (Applied Biosystems, Courtaboeuf, France), 0.2 μL of both 10 μM primers (Eurogentec, Angers, France) and minor groove binder probe (Applied Biosystems), 1.9 μL of nuclease-free water, and 2.5 μL of template DNA at the appropriate dilution. Amplification was carried out with a Light Cycler 480 (Roche, Meylan, France) as follows: 10 min at 95°C, followed by 45 cycles of denaturation (10 s at 95°C), annealing (30 s at 60°C), and extension (30 s at 72°C). Reactions for the 5 bacterial groups consisted of 5 μL of Light Cycler 480 SYBR Green I Master Mix (Roche, Meylan, France), 0.5 μL of 10 μM primers (Eurogentec), 1.5 μL of nuclease-free water, and 2.5 μL of template DNA at the appropriate dilution. The cycling conditions were as follows: 10 min at 95°C, then 35 cycles of denaturation (10 s at 95°C), annealing (20 s at 60°C), and extension (30 s at 72°C). After amplification, analysis of the melting curve was included to assess the specificity of the amplified product. The standard curve for all bacteria and E. coli was done with E. coli genomic DNA (K12-1 strain, CIRM-BP 371) that was purchased from the International Center of Microbial Resources (CIRM, INRA, Rennes, France). The standard curve for Lactobacillus was done with genomic DNA from Lactobacillus plantarum type strain CIRM-BIA 466 (purchased from CIRM, INRA). Deoxyribonucleic acid from pure cultures of Bacteroides fragilis (strain ATCC 23745, provided by I.U.T. de Tours, Tours, France) and C. coccoides (strain DSM 935, purchased from the German Resource Centre for Biological Material, Braunschweig, Germany) was harvested from the bacterial pellet and obtained by centrifugation of 1 mL of culture and extracted according to the method of Furet et al. (2009) . The standard curve for C. leptum was generated from a PCR product. The PCR reaction contained PCR buffer [75 mM Tris HCl (pH 9.0), 2 mM MgCl 2 , 50 mM KCl, 20 mM (NH 4 ) 2 SO 4 , 200 μM deoxynucleotide 5′-triphosphate mix, 0.2 μM of each primer, 2.5 units of UptiTherm DNA polymerase (Uptima-Interchim, Montlucon, France), and 2 μL of template DNA (DNA extracted from cecal contents according to the method of Furet et al., 2009) ] in a total volume of 50 μL, with the following cycling conditions: 95°C for 10 min; 35 cycles of denaturation (95°C for 30 s), annealing (60°C for 30 s), and extension (72°C for 30 s), followed by a final extension for 10 min at 72°C. The amplified product (8 μL) was verified by gel electrophoresis (1.5%). The PCR product was purified via the Rapid PCR Purification System (Marligen BioSciences, Ljamsville, MD), and the concentration was measured at 260 nm (Nanodrop ND-1000, Labtech, Palaiseau, France) and subsequently sequenced. The copy numbers for E. coli, L. plantarum, B. fragilis, and C. leptum were calculated, whereas for C. coccoides, the copy number was determined by using the all-bacteria real-time PCR assay. The standard curves were generated from 10-fold serial dilutions in water of known concentrations of DNA and used to quantify the copy number of the respective PCR reaction, with cycle threshold determined by the second derivative maximum method (Tichopad et al., 2003) . Results are presented as the number of 16S rDNA copies. Incidence was recorded as the number of samples in which a targeted group was detectable. To compare the various sample types in which incidence was not 100%, the undetected samples were considered to be at the theoretical limit of detection (1 gene copy in the plate well; Wise and Siragusa, 2007) . Numbers of gene copies were expressed per gram of fresh sample and were log 10 transformed for statistical analysis.
Calculations and Statistical Analyses
Statistical analysis of growth performance, TTGE analysis (for richness and interpool similarity analyses), and real-time PCR results were performed using a ttest (P ≤ 0.05) in Statview software, version 5 (Abacus Concepts, Berkeley, CA). Nonsignificant differences but with a P-value between 0.05 and 0.10 were specified as trends. When values are given in the text, they are expressed as mean ± SE.
The TTGE gel analysis was conducted using the TIFF files of gel pictures. The TTGE profiles were aligned with Fingerprinting II software (Bio-Rad) by using the migration markers. For further analysis, to assess the presence or absence of bands, the intensity values of the fingerprint profiles were transformed into binary values with StatFingerprint software, version 1.3, running on R, version 2.9 (Michelland et al., 2009) . Richness was measured as the number of bands by profile. The interpool similarity of each stocking density group, together with the differences between TTGE profiles of the birds reared at low and high stocking densities, were measured. For this, differences between pairs of pooled samples within each stocking density group were assessed by the Dice coefficient of similarity. To assess whether the banding patterns were different between stocking densities, a proximity matrix of similarity was constructed by using the Dice coefficients. Statistical analysis of similarity (ANOSIM) between band patterns was done using 10,000 Monte Carlo permutations. The ANOSIM R-value indicated the extent to which the groups differed. Groups were considered significantly different for P < 0.05 and R > 0.25 (R > 0.75, well-separated groups; 0.50 < R < 0.75, separated but overlapping groups; 0.25 < R < 0.50, separated but strongly overlapping groups). These proximity values were also graphically explored by nonmetric multidimensional scaling using 10,000 random starts. The extent to which the plot matched the proximity between banding patterns was assessed by Kruskal's stress. These analyses were done with StatFingerprint (Michelland et al., 2009 ).
RESULTS
Growth Performance
During the entire experiment, the mortality was not significantly different between the 2 stocking densities (3.85 ± 1.10%; P = 0.37). The actual stocking density at d 39 was 29 kg/m 2 for the low stocking density and 40 kg/m 2 for the high stocking density, close to the expected values from Aviagen (2009) . The high stocking density increased ADFI from d 1 to 10 (+4.4%), and thereafter, no difference was observed. During the total rearing period, the stocking density had no effect on ADFI. The FCR was not affected by stocking density from d 1 to 24. During the period from d 24 to 32, although nonsignificant, FCR was found to be negatively affected by the increase in stocking density (+2.2%, P = 0.07), whereas during the period from d 32 to 39 and for the total rearing period, FCR was significantly negatively affected by the increased stocking density (+3.1 and +1.5%, respectively). The daily BW gain increased with the high stocking density compared with the low stocking density during the period from d 1 to 10 (+3.8%); it was not affected during the periods from d 10 to 24 or d 24 to 32. On the contrary, from d 32 to 39, the high stocking density had a negative effect on daily BW gain compared with the low stocking density (−5.5%). The daily BW gain over the total rearing period was not affected by stocking density (Table 3 ). The final BW was not affected by stocking density (2,384 ± 25.9 g and 2,351 ± 19.2 g for the low and high stocking density, respectively, P = 0.30). The effect of stocking density on growth of the selected birds used for the microbiota analysis was comparable with that of the whole flock.
Litter Quality
The increase in stocking density had a highly significant negative effect on the global quality of litter assessed on d 25, 31, and 37, as shown by the higher litter score (P < 0.01; Table 4 ). However, the litter quality on d 37 was still sufficient at both stocking densities (litter quality score <4.14); therefore, additional litter was not needed because no abnormal locomotive behavior was observed.
TTGE Analyses
The richness of the dominant microbiota, estimated as the number of bands in each TTGE profile, was unaffected in 3-wk-old broilers. The mean number of bands per profile was 19.5 ± 1.35 (P = 0.15), 15.8 ± 4.46 (P = 0.30), and 28.3 ± 2.31 (P = 0.37) in the crop, ileum, and ceca, respectively. In 6-wk-old broilers, crop richness decreased as the stocking density increased (19.5 ± 1.26 vs. 25.0 ± 1.91 bands for the high and low stocking density, respectively). The mean number of bands per profile was unaffected in the ileum (13.3 ± 1.00 bands, P = 0.23) and ceca (28.3 ± 1.83 bands, P = 0.38).
Stocking density had no significant effect on interpool similarity whatever the age or sample location. The Dice coefficients of similarity in 3-wk-old broilers were 40.6 ± 2.81% (P = 0.25), 48.6 ± 4.16% (P = 0.21), and 47.8 ± 2.42% (P = 0.17) for the crop, ileum, and ceca, respectively. In 6-wk-old broilers, the Dice coefficient of similarity for the ileum tended to be higher for the high stocking density than for the low stocking density (46.5 ± 6.43% and 31.1 ± 4.88%, respectively, P = 0.09). No differences were observed in the other sampling regions. The Dice coefficients of similarity for the crop and ceca were 39.3 ± 3.10% (P = 0.47) and 52.7 ± 2.87% (P = 0.15), respectively (data not shown).
The modified banding patterns of the microbiota were assessed by ANOSIM with a Dice matrix, and they showed that stocking density had an effect on the dominant digestive microbiota of the chicken. The TTGE profiles of digestive contents in 3-wk-old birds differed according to stocking density, regardless of the location of sampling. The differences were higher in the crop and ceca than in the ileum, as shown by the higher R-value. At 6 wk of age, the TTGE profiles of the chickens' digestive contents in the crop and ceca differed according to stocking density, but no difference was observed in the ileum (Figure 1 and Table 5 ).
Real-Time PCR Analyses
The results of microbiota quantification in the digestive contents of 3-wk-old broilers are presented in Table  6 . In the crop, the stocking density had no effect on the total bacterial load or on the abundance of the 5 targeted groups. The total bacterial load was 5.5 × 10 11 copies of 16S rDNA/g of fresh sample, and the dominant targeted group was Lactobacillus (1.6 × 10 11 copies of 16S rDNA/g of fresh sample). In the ileum, neither the total bacterial load, which accounted for 5.3 × 10 10 copies of 16S rDNA/g of fresh sample, nor the major bacterial groups were affected by stocking density. The dominant targeted group was the Lactobacillus group (5.8 × 10 10 copies of 16S rDNA/g of fresh sample). In the ceca, the total bacterial load was affected by stocking density. It reached 7.4 × 10 12 copies of 16S rDNA/g of fresh sample at the low stocking density and 4.6 × 10 12 copies at the high stocking density, a decrease of 38%. The dominant group was the C. coccoides group, but high proportions of the Lactobacillus and C. lep- tum groups were also detected. The E. coli copy of 16S rDNA/g of fresh sample was lower at the high stocking density than at the low stocking density (1.9 × 10 10 vs. 4.5 × 10 10 , a decrease of 76%). The same tendency was observed for the Bacteroides group (1.5 × 10 10 vs. 2.4 × 10 10 copies of 16S rDNA/g of fresh sample, P = 0.07), representing a decrease of 37%.
The results of bacterial quantification of 6-wk-old broilers are presented in Table 7 . In the crop, the stocking density had no effect on quantification of total bacteria, 7.8 × 10 11 copies of 16S rDNA/g of fresh sample. The dominant Lactobacillus group reached 2.5 × 10 11 copies of 16S rDNA/g of fresh sample. In the ileum, stocking density had no effect on the quantification of total bacteria. The total bacterial load reached 1.8 × 10 11 copies of 16S rDNA/g of fresh sample. The dominant targeted group was the Lactobacillus group (1.6 × 10 11 copies of 16SrDNA/g of fresh sample). The Bacteroides group was detected in only 2 samples at the low stocking density. In the ceca, the stocking density had no effect on the abundance of the targeted groups. The total bacterial load was 4.0 × 10 12 copies of 16S rDNA/g of fresh sample, and the dominant targeted group was the C. coccoides group (4.5 × 10 11 copies of 16S rDNA/g of fresh sample), with the Lactobacillus and the C. coccoides groups reaching high proportions.
DISCUSSION
Increased stocking density has been reported to depress chicken growth performance (reviewed by Bessei, 2006; Estevez, 2007) . In the present study, we found for the first time that commensal digestive microbiota were also affected by stocking density.
Effect of Stocking Density on Young Broilers (1 to 3 wk old)
In this study, the higher stocking density increased feed intake during the period from d 1 to 10 and had no effect during the period from d 10 to 24. Our results are similar to those of Pesti and Howarth (1983) , but are different from the results of Dozier et al. (2006) , Ravindran et al. (2006) , and Onbasilar et al. (2008) in that no effect of stocking density was reported (Dozier et al., 2006; Ravindran et al., 2006 ) and a decrease in feed intake was observed (Dozier et al., 2006; Onbasilar et al., 2008) . Literature on young birds is scarce because the majority of studies deal with the whole rearing period or the last period of rearing. In the present study, the increased ADFI observed during the early period of rearing might be explained by the fact that untrained chicks may find it easier to find their way to food and water sources in denser flocks than in flocks with a low stocking density. In the present study, FCR did not change during the period from d 1 to 24. Similar findings were also observed by Moreira et al. (2004) and Ravindran et al. (2006) . However, other studies undertaken by Dozier et al. (2006) and Onbasilar et al. (2008) reported an improvement in FCR of young birds as the stocking density increased. In the current study, during the period from d 1 to 10, feed intake increased and the unmodified FCR observed in the present work led to a higher daily BW gain. During the period from d 10 to 24, stocking density had no effect on daily BW gain and was due to the absence of an effect on feed intake and FCR. A higher daily BW gain was also reported by Pesti and Howarth (1983) during the first week of rearing, although other studies reported no effect (Ravindran et al., 2006) , a negative effect (Ricard, 1988; Dozier et al., 2006) , or a positive effect in the first 3 wk (Moreira et al., 2004) . These discrepancies between studies concerning the effect of stocking density on growth performance of the chicken during the first 3 wk of life may be explained by the different experimental conditions, such as bird strain (Skomorucha et al., 2009) , the presence or absence of antibiotics (Ravindran et al., 2006) , or litter type (Al Homidan and Robertson, 2003) .
At 3 wk of age, an effect of stocking density was observed on digestive microbiota from the crop to the ceca and was shown by the strong modification of TTGE profiles and some effect on quantification of the real-time PCR targeted groups, with a decrease in all bacteria (−37%) and E. coli (−76%) and a decrease in the tendency for Bacteroides (−37%) in the ceca. To our knowledge, this is the first time that an effect of stocking density on commensal bacterial microbiota of the digestive tract of young chickens has been observed. The values obtained in our study are relatively higher than those observed in the literature. This can be explained by several factors, such as the use of a molecular approach independent of culture-based methods, a different DNA extraction method, and the expression of results in copies of 16S rDNA and not bacterial numbers. One must take into account that the copy number of rDNA per bacteria varies between 1 and 15 and is species dependent, with a value of 7 for E. coli, a mean Table 6 . Effect of the stocking density on real-time PCR quantification of all bacteria and major groups of digestive content of 3-wk-old broilers 1
Item 2 For a given site of sampling, means in the same column with no common superscript differ significantly (P < 0.05).
All bacteria
Escherichia coli species
Lactobacillus
1
For each sampling site and age, n = 4 pools of 5 birds. The mean is expressed as log 10 copies number of 16S rDNA/g of fresh digestive content; in cases in which the incidence was <4, the mean was calculated by considering that the amount of DNA in the undetected samples was at the theoretical detection limit (i.e., 1 gene copy in the PCR reaction). The number in parentheses is the actual number of samples used for the calculation because of missing data. For each site of sampling and age, n = 4 pools of 5 birds. The mean is expressed as log 10 copies number of 16S rDNA/g of fresh digestive content; in cases in which the incidence was <100%, the mean was calculated by considering that the amount of DNA in the undetected samples was at the theoretical detection limit (i.e., 1 gene copy in the PCR reaction). The numbers in parentheses are the actual numbers of samples used for the calculation because of missing data.
4 ND = not detected.
5 NA = not applicable.
value of 5.5 for Lactobacillus, a value of 6 for Bacteroides, and a value of 9 for Clostridium (Lee et al., 2009; Rastogi et al., 2009) . A previous study undertaken by Harrow et al. (2007) investigated the relationship between the stocking density and the commensal digestive bacteria of young chickens, but they observed no effect. However, the authors focused only on Lactobacillus salivarius in the ileum. In the present study, the use of a nonfocused method applied to different organs of the digestive tract allowed the detection of a stocking density effect. The results from the present study are in agreement with previous observations that showed the effects of stocking density on pathogenic bacteria, such as Clostridium perfringens in the digestive tract (reviewed by Dahiya et al., 2006) . This effect may be due to the increase in litter moisture with the higher stocking density (Hermans and Morgan, 2007) , as confirmed in the current study by the damaged litter quality score observed from d 25. A similar observation and an increased humidity between the second and the fourth week of the rearing period have been shown previously (McLean et al., 2002; Jayalakshmi et al., 2009) . This is most likely due to the greater quantity of excreta in the litter produced by the higher number of birds (40% higher in the present work). The effect of stocking density observed on the digestive microbiota of 3-wk-old birds may be due to changes in litter bacterial composition (Jorge et al., 1988; Jayalakshmi et al., 2009 ). Fries et al. (2005) reported 10 4 bacteria/g of litter present in the litter before the birds arrived, which increased thereafter to 10 9 to 10 10 bacteria/g when birds were present. Because litter is eaten by chickens, particularly by the younger birds (up to 6.3% of the feed intake; Malone et al., 1983) , litter can have an effect on the composition of the digestive microbiota .
Despite the important changes in microbiota in 3-wkold chickens, the high stocking density had no effect on growth performance of the birds during the period directly preceding the microbiota sampling. Although digestive microbiota may have an effect on the host digestive tract and bird growth performance (reviewed by Gabriel et al., 2006) , our results are in accordance with the research undertaken by Geier et al. (2009) and show that changes in the digestive microbiota are not always related to direct changes in digestive health and functionality, and thus in bird performance.
Effect of Stocking Density on Older Broilers (3 to 6 wk old)
In the present study, an increase in stocking density was found to have no effect on ADFI of the older birds or during the total rearing period and is in agreement with results obtained from Ravindran et al. (2006) . Despite this agreement, the results from the present study are somewhat different from what has been reported in different studies and what has been reviewed by Bessei (2006) and Estevez (2007) , and indicate a decrease in feed intake for the high stocking density. In the present study, although nonsignificant, the higher stocking density was found to have a negative effect on FCR during the period from d 24 to 32, but was found to be significant for the period from d 32 to 39 and for the overall period. Bessei (2006) and Estevez (2007) also reported a negative effect of increased stocking density on FCR; however, this effect was not observed in all the reported studies. These discrepancies between studies can be explained by several environmental factors that differ between studies.
In the present study, stocking density did not affect ADFI but had negative effects on FCR, which subsequently resulted in a negative effect on daily BW gain during the last rearing phase (d 32 to 39), in agreement with the reviews by Bessei (2006) and Estevez (2007) . However, no effect was observed during the total rearing period.
In the current work, the increase in stocking density induced changes in digestive microbiota in the crop and ceca of 6-wk-old broilers, as observed by TTGE band pattern analysis, and tended to increase the similarity of ileal microbiota between chickens. Among the limited studies dealing with an effect of stocking density on digestive microbiota in older broilers, none showed an effect, probably because these studies focused on a few bacterial groups or on a specific bacterium and were performed only in the small intestine (Jorge et al., 1988; Putskam et al., 2005; Harrow et al., 2007) , which appears to be the only region not modified in our study.
The present study showed that the effect of stocking density on digestive microbiota varied according to chicken age, with a lower effect observed at 6 wk compared with 3 wk. In spite of an increased effect of stocking density on litter microbiota when chickens grow older (Jorge et al., 1988; Hernandes et al., 2002) , and the potential effect of litter microbiota on digestive microbiota, the effect of litter microbiota could decrease with age as the ingestion of wood shavings litter decreased to 1.3% from the fourth week of age (Malone et al., 1983) . Moreover, the digestive microbiota of older birds may be less sensitive to change than the digestive microbiota of younger ones. These results are in accordance with those of Torok et al. (2009) , which showed that the effects of litter on digestive microbiota were reduced as broilers aged.
Reduced growth performance and the modifications of digestive microbiota by stocking density in older broiler chickens may be explained by either a perturbation of ventilation in the living area of the birds, a perturbation of behavior because of crowding, or both. Increased heat has also been proposed as an explanatory factor for the decreased growth performance with a high stocking density (reviewed by Bessei, 2006) . However, because heat stress is known to decrease feed intake (Gonzalez-Esquerra and Leeson, 2006) , it is unlikely that it occurred in the present study for the high stocking density because feed intake was unchanged.
The effect of stocking density on growth performance and digestive microbiota may be due to the limited removal of dust in the living area of chickens at a high stocking density (Banhazi et al., 2008) . The increase in stocking density could lead to an increase in dust and airborne bacteria (Sauter et al., 1981) and could affect chicken health and growth performance. That could occur through direct ingestion of feed contaminated with airborne particles or through changes in the immune responses (Lai et al., 2009; Neish, 2009) . Similarly, the increase in atmospheric ammonia with a higher stocking density (Al Homidan and Robertson, 2003) could affect digestive health and induce subclinical health disorders (reviewed by Kristensen and Wathes, 2000) .
The effect of stocking density on growth performance and microbiota may also be due to a higher level of stress, as observed in several studies (Onbasilar et al., 2008; Buijs et al., 2010) . This stress may be involved in the decline in growth performance (reviewed by Siegel, 1995) and in the observed changes in microbiota (reviewed by Collins, 2009) , possibly through the modification of digestive physiology (reviewed by Wood, 2007) .
In conclusion, in our study, stocking density induced a decrease in growth performance and changed the digestive microbiota of the birds. The use of a broadspectrum approach to study microbiota identified modifications in microbiota within the 3 main organs of bacterial colonization. The effect of stocking density on digestive microbiota should thus be taken into account in studies aiming to control the effect of this environmental parameter. However, further work is needed to determine whether stocking density influences microbiota in a reproducible manner, to determine if digestive microbiota can influence gut health and bird performance, and to understand the mechanisms involved. Indeed, the digestive microbiota may have deleterious consequences on chicken health, such as dysbiosis or favoring the growth of pathogenic bacteria. These modifications in microbiota may contribute to a reduction in growth because of the effect of digestive microbiota on bird physiology (reviewed by Gabriel et al., 2006) . Thus, controlling the digestive microbiota may contribute to limiting the negative effects of stocking density in broiler chickens.
